Heterochromatin is generally associated with gene silencing, yet in Drosophila melanogaster, heterochromatin harbors hundreds of functional protein-encoding genes, some of which depend on heterochromatin for expression. Here we document a recent evolutionary transition of a gene cluster from euchromatin to heterochromatin, which occurred <20 million years ago in the drosophilid lineage. This finding reveals evolutionary fluidity between these two genomic compartments and provides a powerful approach to identifying differences between euchromatic and heterochromatic genes. Promoter mapping of orthologous gene pairs led to the discovery of the ''slippery promoter,'' characterized by multiple transcriptional start sites predominately at adenines, as a common promoter type found in both heterochromatic and euchromatic genes of Drosophila. Promoter type is diverse within the gene cluster but largely conserved between heterochromatic and euchromatic genes, eliminating the hypothesis that adaptation to heterochromatin required major alterations in promoter structure. Transition to heterochromatin is consistently associated with gene expansion due to the accumulation of transposable elements and increased A-T content. We conclude that heterochromatindependent regulation requires specialized enhancers or higherorder interactions and propose a facilitating role for transposable elements.
H
eterochromatin was originally defined by its densely staining cytological appearance, but it is also typically associated with other biological features such as low recombination rate, late replication, and ability to modulate gene activity. The silencing effect of heterochromatin on gene expression is well documented in eukaryotes. The classical example is transcriptional silencing of euchromatic genes abnormally juxtaposed to heterochromatin by chromosome rearrangement, a phenomenon known as position effect variegation (PEV), which was first described for Drosophila. Studies of genetic suppressors of PEV [Su(var)s] have identified numerous chromatin proteins that are enriched in heterochromatin and mediate its silencing effect in a dosage-dependent manner (reviewed in ref. 1) . Another defining characteristic of heterochromatin is the extreme abundance of the so-called ''junk'' repetitive DNAs such as transposable elements (TEs) and satellite sequences. Recent studies suggest that heterochromatin is also a natural platform for RNA interference-based phenomena (2) (3) (4) . Small RNAs produced from repetitive DNAs have been implicated in heterochromatin formation and transcriptional silencing (4) . It seems likely that these RNA interference phenomena are derived from naturally occurring mechanisms that defend the genome against the deleterious mobilization of TEs (2) .
Given the prevailing views of heterochromatin, it is surprising that functional single-copy genes are embedded within heterochromatin in Drosophila (1, 5) . These heterochromatic genes are immune to the silencing effect of heterochromatin and, in some cases, are known to depend on a heterochromatic location and Su(var) proteins for normal expression (6, 7) . The notion that repetitive elements create heterochromatic repressive environments by recruiting silencing components is well accepted (4, 8) , but it is unknown how this environment can facilitate expression of heterochromatic genes. In principle, there are two possibilities. First, these genes might be insulated from repressive heterochromatin, essentially maintaining a microenvironment that is compatible with transcriptional capacity. In this case, these genes might be considered euchromatic, with expression possible because of the establishment of specialized chromatin boundaries or other features that maintain separation of local domains of heterochromatin and euchromatin. Second, these genes might have adopted a specialized gene regulation mechanism tailored for heterochromatin. This proposed alteration could have involved acquisition of novel core promoters, enhancer elements, trans-acting factors, or a combination of these elements. An attractive possibility is an acquisition of TEderived promoters given the predominance of TE-like sequences in heterochromatin and the finding that some TE promoters are transcribed in heterochromatin (9) .
To distinguish among these possibilities, it is important to understand the evolutionary origin of heterochromatic genes and to identify their conserved and dynamic features. Here we show that a cluster of heterochromatic genes has evolved relatively recently from euchromatic ancestors in drosophilids. Structural comparisons of the heterochromatic and euchromatic orthologues have allowed us to infer a model to explain how these genes have adapted to heterochromatin to acquire heterochromatin-dependent expression.
Materials and Methods
Drosophila Strains and Germ-Line Transformation. Strains of Drosophila melanogaster used were wild-type Canton-S, y w, and the isochromosomal y; cn bw sp. These strains and other Drosophila species strains were obtained from the Bloomington Stock Center (Bloomington, IN), from the Tucson Stock Center (Tucson, AZ), or from R. Levis (Carnegie Institution, Baltimore). Germ-line transformation was carried out by using standard techniques.
DNA Probes and Hybridization. Genomic Southern blot and chromosomal FISH analyses were carried out with standard protocols, which are available on request. For these assays, we used D. melanogaster genomic or cDNA probes (10) for detecting light (lt) genes in the D. melanogaster species subgroup. A 600-bp Dp-lt(eu) probe was obtained by PCR from Drosophila pseudoobscura using primers matched to sequences within exons 9 and 11 of the D. melanogaster lt gene, because this showed the most consistent cross-species hybridization on genomic Southern blots. A 2.45-kb Dv-lt(eu) cDNA was isolated from a Drosophila virilis ovarian cDNA library and used for probing Drosophila ananassae and D. virilis. The Dv-lt cDNA and the corresponding genomic region were sequenced.
Mapping Transcriptional Start Sites. Poly(A) ϩ RNA was isolated from ovaries from D. virilis, D. pseudoobscura, and D. melanogaster (y; cn bw sp strain) adult females and used to map transcriptional start sites by using RNA ligase-mediated RACE (RLM-RACE) according to the manufacturer's specifications (Ambion, Austin, TX). RNA samples were first treated with alkaline phosphatase to remove 5Ј-phosphate group from all degraded or truncated RNAs. The sample was then treated with pyrophosphatase to remove the 5Ј cap from full-length mRNAs, leaving a single 5Ј-phosphate group. The RNA adapter was ligated to this newly exposed 5Ј-phosphate group with T4 RNA ligase. The adapter-ligated RNAs, derived from the 5Ј-capped full-length mRNAs, were amplified by RT-PCR by using adapter-specific primers and gene-specific primers. The gene-specific primers hybridized near the predicted start codon of each gene. Primer sequences are available on request. A parallel experiment in which pyrophosphatase treatment was omitted served as a negative control. The PCR products were ligated to pCR2.1 vector (Invitrogen) transformed into Escherichia coli. A minimum of six randomly selected clones were sequenced for each gene. We repeated the experiment with an alternative RNA adapter (5Ј-GCUGAUGGCGAUGAAUGAACACUGCGU-UUGCUGGCUUUGAUGAAC-3Ј) that was custom-synthesized by Ambion. We also repeated the analysis for D. melanogaster using testis mRNA.
Results
Evolutionary Transition of the lt Gene from Euchromatin to Heterochromatin. To identify the distinguishing features of heterochromatic genes, we focused on the lt gene, an autosomal heterochromatic gene of D. melanogaster. It is an essential gene located in chromosome 2L heterochromatin, and its dependence on heterochromatin and Su(var) proteins for expression is well established (6, 7, 11) . We examined the copy number and chromosomal location of the orthologous gene in nine additional Drosophila species. Genomic Southern blots established that each species has a single lt gene. We used FISH on salivary gland polytene chromosomes to distinguish heterochromatic from euchromatic chromosomal location. As shown for D. melanogaster, the hallmark of a heterochromatic gene is a dispersed FISH signal in the chromocenter due to irregular alignment of chromatids in regions enriched in repetitive DNA (Fig. 1A) (12) . Similar hybridization patterns were observed in six species most closely related to D. melanogaster (e.g., Fig. 1 B and C) . However, a tight FISH signal aligned with a proximal euchromatic band in D. ananassae and D. pseudoobscura and in more distal euchromatin D. virilis ( Fig. 1 D-F) . In each case, the signal was located in the chromosome arm corresponding to the D. melanogaster 2L. The most parsimonious explanation based on the phylogeny of Drosophila (Fig. 1G) (13, 14) is that the ancestral lt gene was euchromatic but was heterochromatized in the lineage that gave rise to the melanogaster subgroup species, an event estimated to have occurred Ͻ20 million years ago (13, 14) .
The discovery of euchromatic and heterochromatic orthologues allowed us to examine lt gene features in two different chromatin contexts. The D. virilis and D. pseudoobscura lt [denoted Dv-lt(eu) and Dp-lt(eu), respectively] were compared with the heterochromatic D. melanogaster gene [Dm-lt(het)]. Predicted amino acid sequences are highly similar (72-83% identity and 84-89% similarity among three species). Based on cDNAs for the Dm and Dv genes and the predicted gene structure for Dp, we conclude that the exon-intron structures are essentially identical ( Fig. 2A) . Vicinities of the euchromatic lt genes are entirely single-copy, whereas the Dm-lt(het) is characterized by a high density of repetitive DNAs in flanking regions and in the two largest introns (Fig. 2 A) (10) . The repetitive DNAs result in a substantial expansion of the transcription unit and are heterogeneous. Most are scrambled TE-like sequences (Fig. 2 A) (5) .
Promoter Comparison of the Heterochromatic and Euchromatic lt
Genes. To test the possibility that Dm-lt(het) has adapted to heterochromatin by acquiring a new type of core promoter, we mapped the transcriptional start site of the lt gene from three species, then searched for potential promoter motifs. We used RLM-RACE, which involves ligation of a defined RNA adapter specifically to the 5Ј ends of full-length mRNAs (15), followed by RT-PCR and sequencing of cloned products. We used ovarian mRNA because lt is abundantly expressed in this tissue (10) .
We observed two promoter types. The Dv-lt(eu) promoter has The phylogenetic tree of drosophilids (13, 14) . FISH analysis was performed on 10 species (red), and those with heterochromatic lt genes are shown in the blue box.
the simplest structure, with a single transcription start site ( Fig.  2 B and C). Two sequence motifs that correspond to promoter motifs 1 and 5 of Ohler et al. (16) and are commonly found in Drosophila reside within 30 nt of the Dv-lt(eu) start site. These features indicate that Dv-lt(eu) has a ''typical'' promoter. We showed that this Dv-lt(eu) promoter is recognized in D. melanogaster. A transgene containing 710 bp upstream of the start site and the entire coding sequence of Dv-lt(eu) fully rescued ltmutation in D. melanogaster when inserted into euchromatic locations. This result also shows that the promoter and the encoded protein are compatible in both species. We obtained strikingly different results for the Dm-lt(het) gene. The RLM-RACE products were heterogeneous in size ( Fig. 2 B and C) , and sequencing of randomly selected clones revealed numerous start sites (seven different sites identified among 11 sequenced clones). A TATA-box motif is found at Ϸ30 bp upstream of the 5Ј-most start site identified. Curiously, the choice of transcription start sites is nonrandom; there is strong preference for adenine (A) as the start site. We repeated the mapping using testis mRNA and found that testis start sites largely overlapped with those in ovary (Fig. 2C) .
To verify that the observed preference for A start sites was not due to a technical artifact of the ligation step in the RLM-RACE procedure, we repeated the ovarian mRNA start-site mapping using an alternative RNA adapter. The adapter serves as a ligation acceptor, and the decapped mRNA serves as ligation donor. Because it is known that 3Ј sequence of ligation acceptor may affect the choice of the ligation donor (17, 18), we tested an alternative RNA adapter whose sequence was identical to the standard adapter provided by the manufacturer except that the 3Ј end was AAC-3Ј instead of AAA-3Ј. The predominance of A start sites in Dm-lt(het) was reproduced by using this alternative RNA adapter (Fig. 2C) . Specifically, we found that six of seven sequenced clones, representing five different start sites, started with A. One exception, a C start site, was found much further downstream (data not shown). These results demonstrate that the A preference reflects the in vivo transcription start sites rather than biased ligation efficiency in the RNA ligation step. Moreover, in the assay conducted by England and Uhlenbeck (17), A was rather less favored a donor when AAAC-3Ј oligo was used as acceptor, further strengthening our conclusion.
We refer to the promoter documented here that has multiple start sites with predominance of A as the ''slippery promoter.'' The discovery of this newly described promoter type in association with the Dm-lt(het) gene was intriguing and led us to hypothesize that it may be a distinguishing feature of a heterochromatic gene. However, mapping of the Dp-lt(eu) transcription start sites showed a similar pattern of multiple start sites ( Fig. 2 B and C) , allowing us to conclude that this promoter type is not heterochromatin-specific. Interestingly, the Dp-lt(eu) promoter bears sequence similarity to both the Dv-lt(eu) start-site region (indicated by open circles in Fig. 2C ) and the Dm-lt(het) TATA-box region (filled circles), although the first T is replaced by G (see Fig. 2 legend) . The promoter sequence similarities observed for the Dp-lt(eu) promoter are accompanied by the corresponding transcription start sites (Fig. 2C) . Thus, it is tempting to view the Dp-lt(eu) promoter as an ''intermediate'' between Dv-lt(eu) and Dm-lt(het) promoters given the phylogenetic relationships.
Comparative Analysis of the Heterochromatic Genes and the Euchromatic Orthologues. To determine whether our conclusions from studies of the lt gene could be more generally applied to other genes, we extended the analysis to additional D. melanogaster-D. pseudoobscura orthologous gene pairs. This comparison was possible because of the recent publication of a draft sequence that includes Ͼ96% of the euchromatic genome of D. pseudoobscura (19) . Eleven protein-encoding genes, including Dm-lt(het), are located within a 594-kb heterochromatic contig analyzed by the Drosophila Heterochromatin Project (Fig.  3A) (5) . As shown in Fig. 3B , we found orthologues for seven genes, including lt, within a 224-kb D. pseudoobscura contig assembled by the Baylor College of Medicine Human Genome Sequencing Center (19) and localized to euchromatin of chromosome 4 (Fig. 1E) . These data indicate that the evolutionary transition of these seven genes from euchromatin to heterochromatin occurred at the level of a large genomic segment rather than on a gene-by-gene basis. Of the remaining four genes found in the D. melanogaster heterochromatic contig, the closest homologues for three genes (Cht3, CG17715, and CG40016) are found elsewhere in the D. pseudoobscura euchromatin. Cht3 and CG17715 are closely linked, being separated by Ϸ10 kb. Interestingly, the closest homologue for CG40439 is found in the chromosome U in D. pseudoobscura, which is a collection of unassigned short sequence fragments that likely represents heterochromatic DNA. Thus, CG40439 may be an example of a more ancient heterochromatic gene.
Repetitive DNAs occupy Ͼ50% of the Dm-lt(het) contig (5) but Ͻ5% of the Dp-lt(eu) contig. Manual annotation of the Dp-lt(eu) contig based on similarity to D. melanogaster genes predicts Ϸ35 protein-encoding genes. Thus, the Dp-lt(eu) contig has Ϸ8.4-fold greater gene density than the Dm-lt(het) contig ( Fig. 3 A and B) . Comparisons for the seven orthologous gene pairs show that the heterochromatic genes are consistently larger in size because of TE accumulation and are 5-10% more AT-rich in the coding sequences (Fig. 3C ) as well as in the introns (Fig.  3D ) than their euchromatic counterparts.
We mapped the transcription start sites for all seven orthologous gene pairs (Figs. 2C and 4) . Three gene pairs have slippery promoters. The promoters of orthologous gene pairs do not often share extensive sequence identity, but there is a striking correlation in the ''slipperiness'' that they exhibit. In summary, not all heterochromatic genes use slippery promoter, slippery promoter is not restricted to the heterochromatic genes, and the promoter structure seems to be largely conserved between each heterochromatic gene and its euchromatic orthologue. 
Discussion
Euchromatic genes are repressed when experimentally juxtaposed to heterochromatin, and few, if any, exceptions are known to this rule. Here we provide evidence for a relatively recent evolutionary transition of euchromatic genes to heterochromatic genes that occurred in the melanogaster lineage Ͻ20 million years ago. The discovery that 7 of 11 genes found in D. melanogaster 2L heterochromatin have orthologues in D. pseudoobscura that are clustered on the corresponding chromosome arm suggests that an infiltration of heterochromatin occurred in the melanogaster lineage.
The origin of the autosomal heterochromatic genes we studied differs from the mechanism proposed for the D. melanogaster Y-linked genes, which involved the duplication and interchromosomal transposition of individual genes onto the Y chromosome (20) . It is also distinct from the origin of gene cluster located within the heterochromatic knob of Arabidopsis thaliana (21) . These genes arose from an undated segmental duplication of a euchromatic region, and the euchromatic and heterochromatic paralogues coexist in the genome. As in the case of the D. melanogaster Y-linked genes, the Arabidopsis gene pairs are evolving under conditions of functional redundancy. A comparison of two Arabidopsis gene clusters shows that TEs have invaded intergenic regions in the heterochromatic gene cluster, but the genes themselves are devoid of TE insertions, histone H3 methylated at lysine-9, and DNA methylation, which are markers considered typical of heterochromatin. Hence, expression of these genes is possible, because they have essentially remained as isolated islands of euchromatin. The situation may be transitional. According to conventional views of heterochromatin, the expectation is that, with continued invasion of TEs, the genes will lose their ability to be expressed. Arabidopsis genes apparently have the additional constraint on intron size, because only one intron is predicted to exceed 5 kb based on whole-genome analysis (www.arabidopsis.org). Hence, in Arabidopsis, TE or non-TE insertions of any type that substantially increase intron size will be detrimental to gene expression.
Unlike Arabidopsis, Drosophila and mammals tolerate large introns. Indeed, Drosophila autosomal heterochromatic genes have accumulated TEs within their introns as well as flanking regions (Fig. 2 A) (10) . In addition, they take advantage of heterochromatin-enriched proteins such as Su(var) proteins and have become dependent on them for normal levels of expression (7) . Moreover, the Drosophila heterochromatic genes are singlecopy in all species we have examined, and some (e.g., lt) are essential. Thus, their essential function may have required that they adopt a more robust strategy to adapt to heterochromatin, one that ensures tolerance to ever-accumulating TEs.
Carvalho and Clark (22) recently described another interesting case that permits intra-and interspecific comparisons of heterochromatic and euchromatic gene counterparts. Their data suggest that chromosomal translocations occurred between the sex chromosomes and autosomes in the D. pseudoobscura lineage and led to genomic reorganizations such that formerly Y-linked genes are now autosomal. These genes have apparently shrunk in size after the translocation, because they lack the megabasesize introns and extraordinarily large intergenic regions characteristic of more ancestral Y-linked orthologues present in other Drosophila species. Carvalho and Clark (22) suggest that these once heterochromatic genes of D. pseudoobscura are evolving toward a more euchromatic nature, a reverse transition of heterochromatin to euchromatin. Taken together, these Arabidopsis and Drosophila studies demonstrate surprising evolutionary fluidity between heterochromatic and euchromatic domains.
Our discovery of euchromatic orthologues of the heterochromatic genes of D. melanogaster permits a comparative analysis of genes in two genomic contexts. In addition to substantial gene expansion associated with massive TE accumulation, we found elevated A-T content in the coding sequences and the non-TEcontaining introns of heterochromatic genes relative to their euchromatic counterparts (Fig. 3 C and D) . This observation is consistent with the idea that there is regional mutation bias and͞or fixation bias depending on the chromosomal location. Features that may contribute to this bias include replication timing, subnuclear compartmentalization, and, perhaps most critically, recombination rate (23, 24) , all of which are known to differ between heterochromatin and euchromatin.
During this study, we fortuitously discovered a newly described promoter type, which we refer to as the ''slippery promoter.'' It is defined by the occurrence of multiple start sites with predominance of A and is seen in TATA-box-containing and TATA-less genes (Figs. 2C and 4) . This promoter bears superficial resemblance to the multiple start-site promoters described in mammals (25, 26) and yeast (27) . In mammals, the TATA-box mediates recruitment and positioning of the RNA polymerase active site, so transcription starts Ϸ30 bp downstream (28) . Start-site multiplicity in mammalian cells is associated with a lack of the TATA-box (25, 26, 29) . However, in yeast, transcription typically starts further downstream of the TATA-box (up to 120 bp) and often at multiple sites. The positions are defined by start-site sequences and not by distance from TATA-box (27) . Studies of Drosophila have shown that TATA-box function is more similar to that of mammals than yeast (16, 30) . Although our analysis of start sites is not exhaustive, current data suggest that the Dm-lt(het) and Dp-lt(eu) TATA-boxes are involved in RNA polymerase positioning, but the choice of the exact start site is permissive. In this regard, the slippery promoter represents a new paradigm. We note that start-site multiplicity has been previously noted for GC-rich rather than AT-rich promoters in mammals (26) , and predominance of A in the multiple start-site promoters has not been noted in mammals or yeast.
We suggest that, in certain genes, the transcriptional machinery binds slightly promiscuously to DNA or slides in cis along DNA, resulting in multiple start sites. The reason the slippery promoter may have escaped attention in previous in vivo studies of Drosophila transcription may the use of assays less sensitive than RLM-RACE or the general inclination of researchers to regard only cDNAs with the longest 5Ј extension as ''complete.'' Three major conclusions can be drawn from our promoter analyses. First, the slippery promoter is a distinct and common promoter type among Drosophila genes regardless of chromosomal locations and can be maintained throughout evolution. Second, promoter structures of the heterochromatic genes are quite diverse (Fig. 4) . For the genes reported here, we have observed slippery and nonslippery promoters, TATA-and TATA-less promoters, and a pyrimidine-rich promoter, which is characteristic of the yip6 gene and other ribosomal protein genes (31) . Therefore, usage of any particular promoter type is not a prerequisite for adaptation to heterochromatin. Third, and most importantly, evolutionary adaptation to heterochromatin has been achieved without changing the basic promoter type. Occasional alteration of promoter type occurs, as we observed for the Dv-lt(eu) and Dm-lt(het) genes, but is not correlated with the major change of chromosomal environment.
From our data, we suggest a model for evolution of the heterochromatic lt gene in the melanogaster lineage. Ancestrally, lt was a typical euchromatic gene (Fig. 5A) . The lt and neighboring genes may have resided quite proximally in the euchromatin on the chromosome arm, or they may have been relocated closer to the centromere by chromosome rearrangement. In either case, gradual accumulation of TEs is proposed to play a major role in their evolution, leading to expansion of the genes and separation of essential enhancer elements from the promoter (Fig. 5B) . The increasing distance between enhancers and promoter could be a threat for maintenance of transcriptional capacity, which could be maintained only if long-distance interactions could bring cisregulatory regions into proximity. Su(var) proteins, actively recruited by the repetitive DNAs, perhaps through RNA interference-related mechanisms, could facilitate interactions between interspersed repetitive DNAs and bring remote enhancer elements in close proximity to the promoter (Fig. 5C ). Comparisons among Drosophila simulans, Drosophila yakuba, and D. melanogaster, three closely related species that share Ϸ90% DNA sequence identity genome-wide, show that the lt gene TATA-box region is particularly well conserved. However, there is no recognizable sequence similarity at least in the next several kb upstream because of differences in TE insertions (data not shown). Moreover, our attempts to drive expression from Dm-lt(het) transgene constructs that contain up to 7 kb of 5Ј-flanking region have been unsuccessful. These observations are consistent with the idea that essential enhancer elements have been displaced from the promoter by the TE insertions.
Our model (Fig. 5) can explain why heterochromatic genes can be transcribed in the usually repressive chromosomal environment and depend on the high concentration of Su(var) proteins found in heterochromatin (Fig. 5D) (7) . We propose that this activating effect of Su(var)s is possible only where repetitive DNAs have accumulated in a way that promotes a chromatin configuration that is compatible with gene expression. This state can be achieved only through gradual accumulation of repetitive DNA and evolutionary selection for gene expression. Therefore, heterochromatic genes do not need to overcome the ''silencing components''; components act to silence genes only if the insertions of TEs occur in ''wrong'' places relative to genes. The model proposes a role for repetitive DNA, including TEs, in positively regulating transcription of essential genes. In this regard, TEs are participating in a normal cellular function (32, 33) . Our model is general in that it can apply to genes that have diverse types of promoters, gene-specific enhancers, and transacting factors. In this sense, it may be applicable to a large number of Ϸ400 heterochromatic genes in D. melanogaster (5) .
Heterochromatin is a common entity in multicellular organisms. The paradoxical nature of heterochromatic genes was recognized decades ago by Drosophila geneticists, but it is only beginning to be recognized as such in other organisms (21, (34) (35) (36) . Remaining questions include the following: Are there common evolutionary pathways and strategies to the adaptation of genes to heterochromatin? How diverse are effects of heterochromatin on gene activation? The repetitive nature of heterochromatin has presented more than the usual number of challenges for genome projects. However, as described here, comparative genomics can offer new tools and insights for exploring the content and evolution of heterochromatin. 
